Phenol and phenolic compounds are aromatic pollutants that inhibit biological treatment of wastewaters. Penicillium chrysogenum var. halophenolicum is a halotolerant fungus that previously showed the ability to degrade phenol and resorcinol in high salinity conditions. The presence of the penicillin biosynthetic cluster in P. chrysogenum var. halophenolicum was recently described. In this article, we examined the expression of pcbAB, pcbC and penDE, genes responsible for δ-(L-α-aminoadipyl)-L-cysteinyl-D-valine synthetase, isopenicillin N synthase and isopenicillin N acyltransferase activities, respectively, in P. chrysogenum var. halophenolicum. A quantitative PCR (qPCR) approach was used to determine how these genes were expressed in media with 2% and 5.9% NaCl supplemented with phenol, catechol, hydroquinone and resorcinol as the sole carbon source. The effect of salt on the capability of P. chrysogenum var. halophenolicum to degrade aromatic compounds was measured using HPLC. qPCR analysis of RNA extracted from P. chrysogenum var. halophenolicum indicated that the expression levels of pcbAB, pcbC and penDE decreased in high saline concentrations compared to the levels expressed in media with glucose. High concentrations of salt significantly repress the expression of pcbAB and penDE. The pcbC gene was expressed differentially in catechol containing medium. There was no evident relationship between the expression levels of penicillin biosynthetic genes and yields of penicillin. Meanwhile, the presence of phenol and phenolic compounds seems to positively influence the antibiotic production; high concentrations of salt stimulated penicillin production. These results support the hypothesis that phenol, phenolic compounds and high concentrations of salt could act like a stress factor for P. chrysogenum var. halophenolicum resulting in higher yields of β-lactam antibiotic production.
Introduction
The production of penicillin by filamentous fungi has been considered as the beginning of modern pharmaceutical industry. In 2002, the total world market of β-lactam antibiotics was estimated to be approximately 15 billion US dollars; penicillin accounts for sales of approximately 5 billion US dollars. 1 Penicillium chrysogenum is an ascomycete fungus able to synthesize penicillin with both aromatic and non-aromatic side chains. 2 The genes for the synthesis of secondary metabolites, like antibiotics, are frequently arranged in clusters. 3 In the case of penicillin biosynthesis, the cluster is constituted by three genes, pcbAB, pcbC and penDE, comprising a 15-kb DNA region ( Figure 1 ). While in Fleming´s isolate this region contains only a single copy of the cluster, in industrial penicillin overproducer strains this segment is amplified in tandem repeats. For example, in the AS-P-78 strain, an overproducer strain obtained at Antibioticos SA (Léon, Spain), the amplified region is present in five or six copies. 4 The pcbAB and pcbC genes are expressed from a 1.16-kb bidirectional promoter region in opposite directions and encode δ-(L-α-aminoadipyl)-L-cysteinyl-D-valine synthetase and isopenicillin N synthase, respectively. 5, 6 The third gene, penDE, is responsible for the activity of isopenicillin N acyltransferase. 6 In the penicillin biosynthesis pathway, the first step is the non-ribosomal condensation of the three precursor amino acids, L-α-aminoadipic acid, L-cystein, and Lvaline, by the enzyme synthetase that was found to be associated with membranes or small organelles. 5, 6 The product of this reaction is the tripeptide δ(L-α-aminoadipyl)-L-cysteinyl-D-valine (ACV), which is cyclized to isopenicillin N (IPN) by the activity of cytosolic enzyme, the isopenicillin synthase. 7, 8 The isopenicillin N is later modified by the enzyme isopenicillin acyltransferase that was located in organelles to form penicillin G ( Figure 1 ). 8 It is well documented that the expression of the three genes, pcbAB, pcbC and penDE, is controlled by a complex regulatory network, comprising both nutritional and developmental factors. 5, 9 For example, glucose and sucrose negatively regulated the penicillin biosynthesis in P. chrysogenum, maltose, galactose and fructose had a less negative effect. 9 Indeed, glucose strongly represses the transcription of pcbAB and pcbC in P. chrysogenum; in opposition to that the gene pcbC is expressed in media with lactose. 10 Phenol, catechol, hydroquinone and resorcinol are xenobiotic compounds present in many industrial wastewaters that can be used by several bacteria and fungi; however a very limited number of these microorganisms have the ability to utilize all of them, particularly under saline conditions. 11-14 Recently, our group described the characterization of a halotolerant Penicillium chrysogenum strain isolated from a salt-mine and named as Penicillium chrysogenum var. halophenolicum. 15 The presence of the full penicillin biosynthetic gene cluster (pcbAB, pcbC and penDE genes) and the biosynthesis of penicillin have been demonstrated in the Penicillium chrysogenum var. halophenolicum strain by Southern hybridizations. 15 Penicillium chrysogenum var. halophenolicum can metabolize up to 300 mg/L of phenol and resorcinol at 5.9% (w/v) of NaCl concentration. 16, 17 However, the effects of phenolic compounds and sodium chloride on the genomic output of the penicillin biosynthesis cluster in Penicillium chrysogenum var. halophenolicum remain unknown. In the present work, we aimed to study the effect of phenol, catechol, hydroquinone and resorcinol on the expression of penicillin genes cluster of P. chrysogenum var. halophenolicum, when used as the sole carbon source. The effect of these compounds was also investigated at two different saline concentrations (5.9% and 2% of NaCl, under osmotic and non-osmotic stress condition, respectively), giving an insight into how high salinities affect the expression levels of penicillin G. Therefore, one of the purposes of this study was to obtain more information on the relationship between primary and secondary metabolism of P. chrysogenum var. halophenolicum during the biodegradation of phenolic compounds.
Materials and Methods

Strains
P. chrysogenum var. halophenolicum was used throughout this study; this strain was isolated from a salt mine in Algarve, Portugal, and has been previously characterized. 17 
Chemicals
The phenol, catechol, hydroquinone and resorcinol used in this study were of chromatographic grade (purity ≥99%), and were obtained from Sigma-Aldrich (St. Louis, USA). HPLC grade acetonitrile was obtained from Lab-Scan (Dublin, Ireland). All other reagents are of analytical-reagent grade and were obtained from Riedel-de Haën (Seelze, Germany). Water purified by a Mili-Q system was used in all the experiments and nutrient agar (NA) was purchased from Difco (Detroit, USA). To investigate the use of phenolic compounds and β-lactam antibiotic production, the strain was cultivated in 500-mL flasks containing 100 mL of complex medium MC during 68 h. Cells were collected by centrifugation and washed in 0.85% (w/v) of NaCl solution prepared in mili-Q water. A 10% of the preinoculum (5.0 mL) was inoculated in 45 mL of mineral medium ( 
Culture conditions
Quantification of gene expression by qPCR
Total RNA was extracted by using a modified protocol that combined a Trizol reagent extraction (Stratagene, USA) together with column purification. Briefly, fungal mycelia harvested under several growing conditions were homogeneized with Trizol, and extracted once with chloroform following the manufacturer's instructions. The aqueous phase was mixed with 1.5 volumes of absolute ethanol and loaded onto an RNAeasy mini-spin column for purification (Qiagen, USA). Columns were washed and eluted following the manufacturer's instructions. RNA was quantified by spectrophotometric absorption in a Nanodrop 1000 spectrophotometer (Thermo Scientific, USA) and its quality verified by microfluidics analysis with an Agilent Bioanalyzer 2100 (Agilent, USA).
First strand cDNA was synthesized by reverse transcriptase (Superscript II, Invitrogen, USA) from total RNA using oligo(dT) 17 primer using 250 ng of total RNA per reaction.
The first strand cDNA was used as a template for the quantification of the relative expression levels of pcbAB, pcbC and penDE by qPCR analysis with an ABI Prism 7000 sequence detection system (Applied Biosystems, USA). Quantitative PCR reactions were performed in a 20 mL reaction mixture containing 1X SYBR Green Master Mix (Exiqon, Denmark), 0.2 mM each of the forward and reverse reaction primers, and diluted first-strand cDNA. Primer pairs used for quantitative real time PCR reactions were designed using PRIMER3-plus software 18 from the known sequences for the penicillin biosynthetic genes pcbAB, pcbC and penDE genes, and for the constitutively expressed reference gapdh gene from P. chrysogenum. The PCR conditions were 95ºC for 10 min, followed by 40 cycles of 95ºC for 15 sec and 60ºC for 1 min. Each PCR reaction was run in triplicate.
Article
For the pcbAB gene, the forward primer 5'-TGTGCAGGCCAAGGTAAAC-3' corresponding to nucleotides 3806 to 3825 relative to the start codon and the reverse primer 5'-CCAGTTCAGTCTGGTGCTCA-3' complementary to the nucleotides 3948 to 3967 amplified a 162-bp PCR product. For the penDE gene, the forward primer 5'-CGAAGAAGACGGACGAAGA-3' corresponding to nucleotides 118 to 137 relative to the start codon and the reverse primer 5'-TGCGGGTATTAAGCATGACA -3' complementary to the nucleotides 249 to 268 amplified a 151-bp PCR product. For the pcbC gene, the forward primer 5'-ACGGCACCAAATTGAGTTTC-3' corresponding to nucleotides 614 to 633 relative to the start codon and the reverse primer 5'-GGTGATGTGTGCCATGTAGC-3' complementary to the nucleotides 764 to 783 amplified a 170-bp PCR product. For the reference gene gapdh, the forward primer 5'-TCG-GTATCGTTGAGGGTCTC-3' corresponding to nucleotides 500 to 519 relative to the start codon and the reverse primer 5'-GGTGGAG-GAGGGGATAATGT-3' complementary to the nucleotides 611 to 630 amplified a 131-bp PCR product. The amplification efficiencies of the primers used for pcbAB, pcbC, penDE and gapdh genes was tested by the standard curve method. Relative expression values were calculated by the comparative ΔΔCt method. ΔCt values were determined for all the transcripts using gapdh as a reference gene transcript and the results normalized against the expression data obtained for each mRNA in the medium containing glucose as a sole carbon source.
A parallel assay was performed in each independent experiment to check the differences in PCR efficiency. This parallel assay was designed for analyzing penicillin gene expression by qPCR from two additional carbon sources (glucose and phenol) obtained from the same preinoculum.
Antibiotic production
Penicillin was estimated by bioassay using the agar-diffusion method with Micrococcus luteus ATCC 9341 (kindly provided by Prof. JF Martín, León University) as an indicator strain as previously described. 19 Phenol and phenolic compound concentrations Phenol, catechol, resorcinol and hydroquinone concentrations were quantified by High Performance Liquid Chromatography (L-7100 LaChrom HPLC System, Merck), equipped with a quaternary pump system, and L-7400 UV detector according to a previously published method. 17 Aromatic compounds were separated and concentrations estimated within 10 min.
Results
Effect of phenol and phenolic compounds in the expression level of penicillin biosynthetic cluster
The gene expression levels of penicillin biosynthetic cluster of P. chrysogenum var. halophenolicum when grown in mineral medium with 2% NaCl and supplemented with glucose, phenol, catechol, hydroquinone and resorcinol as the sole carbon source were analyzed by qPCR. The results of the expression of pcbAB, pcbC and penDE genes, expressed as normalized quantities for each gene relative to the glucose sample, are shown in Figure 2 . From this figure, it can be seen that despite the relative abundance of each transcript, differences were observed in samples depending on carbon source and culture time, particularly at 45 h. The expression level of penicillin biosynthetic cluster increased for all the carbon sources tested compared to the glucose batch. This increment in pcbAB, pcbC and penDE gene expression was at least a 100-fold in phenol and phenolic coumponds batches compared to glucose batch.
The
To examine the expression level of penicillin biosynthetic cluster when P. chrysogenum var. halophenolicum is grown under osmotic stress, batch cultures of fungus in mineral medium with 5.9% NaCl and supplemented with glucose, phenol, catechol, hydroquinone and resorcinol as the sole carbon source were performed and the expression levels of pcbAB, pcbC and penDE were analyzed by qPCR. Figure 3 shows the results of pcbAB, pcbC and penDE gene expression after the normalization of quantities for each gene relative to the glucose sample. The mRNA levels from pcbAB, pcbC and penDE were reduced by the presence of 5.9% of sodium chloride. Expression of pcbAB and penDE was lower when fungus was grown with phenol and phenolic compounds than in a glucose batch. Approximately 2 times the pcbC expression was obtained in the phe- nol and phenolic compound batches compared to the glucose batch at 48 h. These results suggest that the salt had a negative effect on the expression of penicillin biosynthetic cluster.
Article
Phenol and phenolic compounds are used with different efficiency by the P. chrysogenum var. halophenolicum strain
To determine the ability of P. chrysogenum var. halophenolicum to degrade phenol and phenolic compounds under optimal saline conditions (2% NaCl) and osmotic stress (5.9% NaCl), cultures with 2.67 mM of phenol, catechol, hydroquinone and resorcinol were performed at two saline concentrations. The degradation of phenol and phenolic compounds presented different rates depending on the salt concentration and aromatic compound tested (Figure 4 ). When the fungus was grown with phenol, catechol and hydroquinone with 2% NaCl after 45 h of cultivation none of these aromatic compounds were detected in the samples analyzed by HPLC. Meanwhile, for the same culture time (45 h), approximately 38.5%, 71.0% and 83.1% of phenol, hydroquinone and catechol were degraded by fungus, respectively, in samples from culture performed with 5.9% of salt. Resorcinol was the aromatic compound that was less efficiently degraded by P. chrysogenum var. halophenolicum. The percentage of catechol and hydroquinone removal was higher than phenol and resorcinol at both times of cultivation.
These findings suggest that sodium chloride concentration regulated the phenol and phenolic compound degradation of P. chrysogenum var. halophenolicum. One explanation for the decrease of phenol and phenolic compound uptake was osmotic balance which would have resulted in a decreased of the biodegradation rate in high salt concentration cultures. Effect of phenol and phenolic compounds on penicillin biosynthesis Penicillin production by P. chrysogenum var. halophenolicum with phenol, catechol, hydroquinone or resorcinol was quantified in batch cultures at 45 h and 68 h. Differences in β-lactam antibiotic production are clearly seen in mineral medium supplemented with 2% and 5.9% NaCl ( Figure 5 ). Moreover, differences were observed in the penicillin pattern of phenolic compound cultures. Penicillin production was considerably higher in the cultures with 5.9% of salt at 45 h. Antibiotic production in the resorcinol batch was higher at both times in the cultures supplemented with 5.9% NaCl, whereas in the cultures with lower salt, penicillin production was higher in the phenol cultures. No difference was observed in penicillin production of catechol and hydroquinone cultures.
The onset of penicillin biosynthesis in the glucose cultures at 2% of salt took place after 36 h, although penicillin production was very small after 45 h. However, the penicillin production rate was considerably higher in the cultures with glucose as the sole carbon source supplemented with 5.9% of NaCl.
Penicillin yields of P. chrysogenum var. halophenolicum in the cultures containing resorcinol resulted in an antibiotic increase of about 300% with respect to the glucose at 68 h.
Discussion
The pcbAB, pcbC and penDE are the three penicillin biosynthesis genes that are present in a few evolutionarily related fungal species. 5, 20 The conserved arrangement of the penicillin biosynthesis cluster in different species is one of the most important features that enable the coordinated regulation of the three genes in β-lactam antibiotic pathway. 21 P. chrysogenum var. halophenolicum (previously known as CLONA2) showed an overall high conservation degree between its penicillin gene cluster and the NRRL1951 (wild-type strain) or Wis54-1255 (an improved, moderate penicillin producer) strains. 15 Penicillin production is affected by some aspects of primary metabolism related to sugar catabolic pathways and energy balance. 10, 22 Several groups have described that transcription of the genes encoding for the enzymes in the penicillin biosynthesis pathway is repressed by glucose. 9, [23] [24] [25] In P. chrysogenum, penicillin biosynthesis is repressed by glucose preventing expression of the pcbAB, pcbC and penDE genes. 25 According to published results, glucose induced not only higher rates of respiration but also greater energy production than lactose as carbon source in P. chrysogenum NRRL 1915 strain. 10 The presence of glucose caused a delay in penicillin production in the culture condition with 2% of salt. This result is in agreement with that reported about the effect of glucose on penicillin biosynthetic cluster. As shown in this article, lower levels of pcbAB and penDE gene expression were observed in phenol, catechol, hydroquinone and resorcinol containing medium with 5.9% NaCl compared to glucose condition, indicating that these genes are repressed by phenol and phenolic compounds. Meanwhile, penicillin production increased when the fungus was cultivated in a high saline concentration with catechol, hydroquinone and resorcinol as the carbon source. In other words, the expression level of pcbAB and penDE does not seem to be a relevant factor for antibiotic biosynthesis. Douma et al. 24 reported that the control of penicillin biosynthesis is exerted by a single rate-limiting enzyme: the isopenicillin N synthase encoded by the pcbC gene. Meanwhile, other groups report that the rate limiting step reside either at δ-(L-α-aminoadipyl)-L-cysteinyl-D-valine synthetase or at isopenicillin N synthase. 26, 27 In this present study, the pcbC gene was among those showing higher expression levels. Indeed the expression of pcbC was at least 200 times higher in phenol and phenolic compounds containing medium than in cultures with glucose and 2% NaCl. The pcbC gene expressed differentially in catechol containing medium; expression levels 1,500 times higher than in glucose containing medium was observed at 45 h of cultivation, while an expression of 300 times was quantified at 68 h. The fermentation times for this study, 45 h and 68 h, were chosen in consideration of the fact that most secondary genes tend to show patterns of late expression and the phenol and phenolic compound removal rates. Low yields of penicillin were observed compared with the expression level of the antibiotic biosynthetic genes. This result is not surprising because in gene dosage studies it is frequently observed that a high increase in gene copy number does not correspond with a parallel increment in enzyme activity. 28 On the other hand, other phenomena besides genes expression could be responsible for the antibiotic production. Nasutation et al. 29 have shown from a penicillin producing strain in glucose-limited chemostat cultures that the penicillin production flux appears to be mostly influenced by cystein, one of the three precursor amino acids, and by energy and redox cofactors. The relation between the low penicillin production flux and the low ATP and NADPH levels could be a possible explanation for the present results. Furthermore, it was reported that penicillin biosynthesis was accompanied by the consumption of a surprising large amount of ATP. 30 Another hypothesis for the present results could be related to toxicity. As we know, very high amounts of hydrophilic penicillins could exert toxic effects on eukaryotic cells caused by the lipophilic interactions with intracellular membranes and plasma membrane. 2, 31 Since it has been shown that P. chrysogenum var. halophenolicum strain produced non-aromatic natural penicillins rather than benzylpenicillin, this hypothesis does not seem to be the principal reason for the low penicillin yields. 15 However, we cannot exclude the possibility that non-aromatic natural penicillins might not be actively pumped out of the cells in P. chrysogenum var. halophenolicum.
There was no evident relationship between the expression levels of penicillin biosynthetic genes and yields of penicillin. Meanwhile, the presence of phenol and phenolic compounds seems to influence antibiotic production. Moreover, in catechol and hydroquinone cultures, where the phenolic compounds were more efficiently removed by P. chrysogenum var. halophenolicum, the production of penicillin was lower than in fermentations containing phenol and resorcinol. Despite the previous observations that described the absence of the metabolic control in P. chrysogenum, 32 meaning that the carbon source had no effect on the penicillin production rate, we found a relationship between carbon metabolism and antibiotic biosynthesis. Interestingly, a positive relationship was observed in media with phenol under 2% NaCl between the penicillin titers, expression levels of penicillin biosynthetic genes and carbon metabolism. In this case, a positive relationship was found between the efficiency of aromatic removal and antibiotic production. This fact could be explained by the mimicking effect between phenol and phenylacetic acid, a compound that is known to stimulate the penicillin biosynthetic pathway as a precursor of benzylpenicillin. 15 In the present study, we also observed that high concentrations of salt increased penicillin production yields. Since in a previous work it was reported that 2% of NaCl is the optimum concentration of salt for P. chrysogenum var. halophenolicum, this result suggests that the antibiotic secretion could be a defence mechanism against osmotic stress.
In summary, today, biological treatment is still an interesting process to reduce the negative impact of toxic compounds. The ability of P. chrysogenum var. halophenolicum to degrade catechol and hydroquinone was shown in conditions of 2% and 5.9% salt. The secretion of secondary metabolites with antibacterial activity is a useful natural tool for the microorganisms that produce them. 2, 33 The present results have shown that P. chrysogenum var. halophenolicum produced β-lactam antibiotic in phenol and phenolic compounds containing medium with 2% and 5.9% of salt. These results support the hypothesis that phe- nol, phenolic compounds and high concentrations of salt could behave like stress factors triggering secondary metabolism in P. chrysogenum var. halophenolicum, and resulting in higher β-lactam antibiotic production. This could constitute an advantage for P. chrysogenum var. halophenolicum in wastewater treatment systems, since the production of a secondary metabolite such as penicillin could make it possible to establish the fungal strain, exerting a positive selection pressure over the endogenous native microbial population.
